1604 sites per cell. The Kd for MAb 1604 binding to the cell was 9 nM.
Myxococcus xanthus is a gram-negative soil procaryote that goes through an intricate life cycle. In response to starvation, M. xanthus cells exhibit social behavior involving aggregation, sporulation, and fruiting body formation (50) . Some of these interactions are mediated by cell-to-cell contact and may involve the exchange of signals between the cells (9, 24, 26) . Any attempt to understand fully the mechanism of signal transduction will, of course, involve those cell surface molecules that receive or transmit the signal. We have previously shown that monoclonal antibody (MAb) 1604, which is directed against cell surface antigen (CSA) 1604 of M. xanthus (17) , will block the submerged development of fruiting bodies in M. xanthus (16) . One explanation of this effect is that the normal function of the corresponding antigen that mediates the contact-initiated signal process has been impaired.
The proof that the antigen is, in fact, playing a direct role in the reception or transmission of the signal must ultimately depend on the properties and function of the isolated and, preferably, purified cell surface molecule. The developmentblocking effect of MAb 1604 suggests that the corresponding CSA 1604 may belong to a small subset of cell surface molecules-those molecules involved with intercellular interactions. Thus, it has been our intention to isolate, purify, and examine the properties of CSA 1604, which we believe may play a direct role in the contact-mediated cell-to-cell interactions that occur during the development of M. xanthus. In an accompanying paper (27) , we describe the effect on development of the isolated antigen complex and of additional MAbs directed against other domains of the purified CSA 1604 complex.
MATERIALS AND METHODS
Bacterial growth and enumeration. M. xanthus DK1622 (28) was used throughout this work. The cells were grown each week from a stock of glycerol spores (57) stored at -70°C and inoculated into CT medium (44) . In liquid suspension, vegetative cells were grown in CT medium in flasks shaken at 300 rpm at 32°C. Obtaining maximum amounts of CSA 1604 on the cell surface and in the cytosol required growing the cells on a surface. This was crucial for cells used for Western immunoblotting, CSA purification, and saturable-binding studies. Such surface-grown cells were obtained by incubation without shaking for 24 h in 23 ml of CTT liquid medium (24) in 75-cm2 tissue culture flasks (Costar, Cambridge, Mass.) at an initial density of 107 cells per ml. After 24 h at 32°C, during which time the cell numbers increased 10-fold and the cells became attached to the plastic surface, the CTT medium was decanted, 2 ml of 10 mM Tris (Sigma Chemical Co., St. Louis, Mo.) buffer (pH 7.6) was added, and the cells were scraped free.
Cells were counted in liquid suspension by means of a Petroff-Hausser counting chamber and a Zeiss microscope equipped with phase contrast optics. Numbers of viable spores (26) were determined by disrupting mixtures of spores and cells for 55 s at 50 W with a Sonifier cell disruptor (Heat Systems-Ultrasonics, Plainview, N.Y.). The disrupted suspension was then heated at 51°C for 2 h in a water bath, and serial dilutions were plated on CTT plating medium (1.5% agar). The combination of sonic oscillation and high temperature killed >99% of the vegetative cells but had no effect on myxospore viability (19) .
The procedure for inducing development in submerged culture was adapted from that of Kuner and Kaiser (29) as modified by Gill and Dworkin (15) (15) was added to wells of 96-well plates, the disks of nitrocellulose plus CSA were added and incubated as usual, the disks were removed, and absorbance values were read on a Minireader II (Dynatech Laboratories, Alexandria, Va.) against blanks from areas of the nitrocellulose free of CSA.
PAGE, Western immunoblotting, and MAb probing. The procedures for PAGE, electroblotting, and probing Western immunoblots with MAbs were as described by Gill and Dworkin (15) . Silver staining of gels was done by combining the methods of Oakley et al. (43) and Wray et al. (60) . Protein bands on Western immunoblots were visualized with India ink by the method of Hancock and Tsang (20) . The presence of carbohydrate in gels was identified with periodate acid-Schiff stain (11) glutaraldehyde was added to the agar surface, the cells were scraped off and collected, and 10 ,l was added to the surface of a Parlodion-coated grid. The grid was examined with a Phillips 201C electron microscope set at 80 kV.
Radioiodination of MAbs. MAbs 1514 and 1604 (600 ,ug of each), which had been affinity-purified on protein A-Sepharose CL 4B, were iodinated with Nal25I (Du Pont-NEN, Cambridge, Mass.) by the lactoperoxidase and glucose oxidase method (31, 52) . Before iodination, one vial of Enzymo Beads (Bio-Rad Laboratories, Richmond, Calif.) containing lactoperoxidase and glucose oxidase was activated for 2 h in 2 ml of 100 mM imidazole (pH 6.9) at 4°C, centrifuged at 1,000 x g for 2 min, and suspended in 250 RI of imidazole. The 400 RI of reaction buffer consisted of final concentrations of 100 mM imidazole (pH 6.9), 140 ,uM KI, 50 ,uM CaClI, 100 RI of Enzymo Bead slurry, 500 ,uCi of Na1251, and 600 ,ug of MAb. The reaction was started by adding glucose (760 ,uM final concentration) and incubated at 25°C for 40 min with intermittent agitation of the capped tube.
After the incubation, two samples of 5 pl each were taken for dilution and counting. The reaction mixture was loaded onto a Biogel P-2 (Bio-Rad) gel filtration column (8-ml bed volume preequilibrated with 10 mM imidazole [pH 6.9]-100 mM NaCl) to separate iodine bound to the MAb from free iodine. Fractions (250 plI) were collected, and 10 pI of each was counted in a Biogamma II counter (Beckman Instruments, Palo Alto, Calif.). The fractions of greatest radioactivity were pooled, and the amount of protein was estimated from the number of pooled counts per minute (cpm) relative to the total cpm eluted before the free iodine. The specific activity of the 125I-MAb was determined as cpm per microgram of MAb on the assay date for Na125I. The specific activities were 1 11 ,000 x g for 3 min. The CTT medium in which the cells had been grown was filter sterilized, and volumes previously containing 5 x 107 cells were saved. Equal volumes of uninoculated CTT were also saved to control for absorbance of the medium. Cells were resuspended in 2 ml CTT, the suspension was centrifuged as above, and the cells were suspended in 20% sucrose-5 mM EDTA-10 mM Tris (pH 7.6) at 4°C for 10 min. Cells were centrifuged and resuspended at 4°C (after rinsing the pellet) in 0.5 mM MgCl2 to shock the cells. The cells were centrifuged, leaving the periplasmic fluid in the supernatant; amounts equivalent to 5
x 108 cells were saved. This was the osmotic shock procedure of Nossal and Heppel (42) as first applied to the myxobacteria by Burchard (3) .
The cell pellets were suspended in 2 M NaCl at 4°C for 5 min. The solutions were centrifuged as above, the supernatant fluids were discarded, and the pellets were rinsed with water and suspended in water at 4°C. The lysed contents of both tubes were centrifuged at 100,000 x g for 2 h at 4°C. The supernatant fluid contained the cytosol fraction, while the pellet contained the envelope fraction. Volumes of each fraction were pipetted into triplicate wells of a 96-well plate. Immunoaffinity and gel filtration chromatography. In the presence of the protease inhibitor EDTA, the CSA 1604 complex could be solubilized with less proteolysis and subsequently retained on an immunoffinity column consisting of MAb 1604 covalently bound to Sepharose beads. The bound CSA 1604 was rinsed and selectively eluted from the MAb affinity column. Then the CSA was size-fractionated on a G-200 Sephadex column to isolate the high-molecularmass form of the CSA that had been observed on Western immunoblots (Fig. 1 ) and reported previously (15) . Figure 3 is the G-200 elution profile of CSA 1604. There were two major A280 peaks: one peak at 200 kDa and one at 100 kDa. The A410 peaks in the ELISA due to MAb 1604 binding overlapped the A280 peaks. The 200-kDa peaks at A280 and A410 are offset slightly because there is evidently a smaller protein, which lacks the 1604 epitope, present in the 200-kDa antigen complex.
In a preliminary experiment in which cells were grown in a mixture of 3H-amino acids, the gel filtration elution profile looked very similar to that in Fig. 3 . Peaks of 3H radioactivity coincided with the other two peaks. This was further evidence that the CSA contained protein. The CSA from only the 200-kDa peak was routinely used for subsequent work. When the material from the 200-kDa gel filtration peak was electrophoresed after reduction but without prior boiling (Fig. 4, lanes 2 to 4) 25 pg from the 100-kDa peak from gel filtration.
present, but the 100-kDa peak material apparently had less carbohydrate. The 100-kDa gel filtration peak was generated by dissociation of some of the 200-kDa material, because rechromatographing the 200-kDa material on the column yielded more 100-and less 200-kDa material.
Protein and hexose content of CSA 1604. The A280 (Fig. 3) suggested that the CSA contained protein. We also tested for the presence of hexose and lipid. The lipid determinations were inconclusive, because there was not enough antigen available. As described later, lipid in the form the LPS was present and was detected with an MAb. Hexose was also detected in the CSA. The hexose assay (which also measures pentoses and heptoses [14] ) was sensitive enough to measure antigen hexose. Table 1 contains the data about the amounts of protein and neutral hexose in CSA 1604 after purification by immunoaffinity and gel filtration. From three separate samples of CSA, the mean neutral carbohydrate content was 14 ± 2%. (Fig. 5, lane 2) (13, 15) . The pattern of 0 antigen units from LPS had a ladderlike appearance on the electrophoretic gel. The multiple bands were in discrete increments due either to the sequential addition of units of 0 antigen saccharides to each LPS molecule or to the addition of multiple LPS molecules. As expected, MAb 1604 did not bind to the purified LPS (lane 1). There was also evidence that LPS is associated with the affinity-purified CSA 1604 (Fig. 5, lane 3) . MAb 1514 reacted with the CSA. The reactivity remained but shifted to a lower position on the gel after thorough proteolysis of the CSA 1604 polypeptides by proteinase K treatment. Thus, the LPS is not merely coinciding in migration in the gel with the proteins of the CSA but is actually attached to the proteins.
Western immunoblots of CSA 1604. After purification on the immunoaffinity column, the CSA continued to be recognized by MAb 1604. Affinity-purified CSA 1604 still contained the 1604 epitope (Fig. 6, lanes 5 to 7) . Lane 2 of Fig.  6 Proteolysis and periodate oxidation of MAb 1604 epitope. The carbohydrate moieties of complex molecules tend to be the preferred immunogens (59) . Results of a phenol-sulfuric acid assay indicated that the CSA 1604 contained about 14% neutral carbohydrate (Table 1) , which was probably LPS (Fig. 5) . Nevertheless, MAb 1604 recognized a protein epitope on CSA 1604 (Table 2) . In three experiments, trypsin digestion of different amounts of CSA 1604 decreased subsequent binding of MAb 1604 by an average of 49%. However, periodate oxidation of CSA monosaccharide rings containing 1,2-dihydroxy substituents (32) did not decrease MAb 1604 binding. Apparently, proteolysis of the CSA damaged the epitope, while periodate oxidation did not. The periodate-treated and untreated samples as a group showed lower A410 intensities than the trypsin-treated samples and controls. The addition of ethylene glycol to stop the periodate oxidation evidently decreased the MAb binding.
Isoelectric focusing of CSA 1604. In contrast to MAb 1640, which has an isoelectric point of 6.0, the affinity-purified CSA 1604 complex had a pl of 4.3 (Fig. 7) . The absence of any bands in the CSA lane at pl 6.0 indicates that the CSA 1604 preparation was free from detectable MAb contamination. The pl of the CSA is probably affected somewhat by pH 9 (Fig. 9) . At saturation, 8 Localization of CSA 1604 in vegetative cell fractions. From the results of the saturable-binding studies (Fig. 9) , it is clear that MAb 1604 bound to the intact cell. However, CSA 1604 was not limited to the cell surface. The cells were fractionated into three parts: the cytosol, the total membrane fraction (inner and outer membrane), and the periplasm. Of the total CSA 1604, 50% was in the cytosol, 39% in the total membrane fraction, and 8% in the periplasmic space of vegetative cells (Table 3 ). The culture medium contained only 3% of the total amount of antigen when the cells were grown on a plastic surface. Nonspecific binding of the antibodies during ELISA was quantitated and subtracted from the other readings.
When the cells were grown in liquid suspension, less CSA was found in the membrane fraction and very little antigen was found in the cytosol. Instead, one-half of the total antigen was found in the growth medium. Lower amounts of antigen on the surface and in the cytosol were found in cells from late log phase than in cells from the early log phase of growth (unpublished observations). These fluctuations prevented reproducible determinations of the antigen distribution from cells grown in liquid suspension. Because the cells in the wild normally grow on a surface, we decided that growth on a surface was the more realistic situation for the localization assays.
DISCUSSION
We have used a combination of immunoaffinity and gel filtration chromatography to purify the CSA 1604, a cell surface antigen complex we believe to be involved in contact-mediated intercellular interactions in M. xanthus. The purified antigen complex consisted of two proteins and 14% (by mass) neutral carbohydrate. LPS copurified with the CSA and probably accounted for the carbohydrate (Fig. 5) . Using the ratio of neutral to amino sugars found for M. xanthus LPS (54) (Fig. 6) . The difference in staining intensity of the two proteins suggested that more of the 23-kDa protein was present. Thus, a heat-labile, noncovalent association of two proteins of 23 kDa and one of 51 kDa would yield a total mass of 97 ± 6 kDa of protein (the ±2 kDa of uncertainty for each protein must also be summed). Bands of protein identified by MAb 1604 on the Western immunoblots of lysed cells in Fig. 1 appear to range from 116 to 200 kDa. The simplest explanation for these multiple bands is that the bands arise from various amounts of LPS associated with the 97-kDa protein heterotrimer.
There are three factors leading to the mutiple bands of CSA 1604: (i) heat lability of the association of CSA components, (ii) proteolysis of the protein components, and (iii) the presence of LPS associated with the CSA proteins. There is also a regularity to the bands between 116 and 200 kDa, respectively the bands of lowest and highest mass observed on Western immunoblots of lysed cells. In Fig. 6  (lanes 6 and 7) , the Western immunoblots of affinity-purified CSA 1604 provide evidence that the 51-kDa band identified by MAb 1604 is the native mass of that polypeptide. All [7] and for Erwinia [56] ). The 51-kDa protein is unlikely to be an aggregate of the 33-and 19-kDa proteins, because the data from gel filtration and refiltration of the 200-kDa material demonstrated that this higher-mass form of the CSA always produced more of the lower-mass forms and less of the 200-kDa form.
In Fig. 1 we noted that MAb 1604 recognized a double band at 200 kDa when the lysed cell suspension was not boiled but was reduced. However, when the lysed cells were boiled and reduced just prior to electrophoresis, MAb 1604 identified a band at 150 kDa. The loss of two heat-labile, noncovalently associated 23 + 2-kDa proteins would explain this shift to 150 kDa. Long delays in loading boiled samples onto the gel resulted in more numerous bands lower than 200 kDa (Fig. 1, lane 4) . The lowest band with the 1604 epitope observed in Fig. 1 with lysed cells is 116 ± 3 kDa (12) . Some of the bands in Fig. 1 Fig. 1 and 6 and in the report of Fink et al. (12) are explained by sequential additions of LPS in 7-kDa units to the 97 + 6-kDa protein trimer of the CSA 1604 complex. These bands from CSA 1604 that occur in 7-kDa multiples are arranged in a stepladder pattern characteristic of LPS.
Mass determinations by gel filtration. Two size classes of antigen molecules (200 and 100 kDa) were found after gel filtration of the immunoaffinity-purified CSA 1604 complex (Fig. 3) . The fractions from the 200-kDa gel filtration peak contained one diffuse band at 200 kDa on a silver-stained SDS gel when the sample was reduced but not boiled before electrophoresis (Fig. 4) . When the 200-kDa material from gel filtration was reduced and boiled, a diffuse band at 200 and a tight band at 116 kDa were found on SDS-PAGE (unpublished observation). This result suggested that the association of the antigen protein with carbohydrate was heat labile. When the material from the 100-kDa gel filtration peak was electrophoresed (Fig. 4, lane 6) , there was one diffuse band at 200 kDa and bands at 51, 32, and 23 kDa. These same bands have been identified on Western immunoblots of the CSA 1604 complex (Fig. 6) , as discussed above.
The paradoxical result that both gel filtration peaks contained a diffuse band at 200 kDa on SDS-PAGE can be explained as follows. As shown by the periodate acid-Schiff stain, the diffuse 200-kDa band contained carbohydrate (Fig.  4, lane 7) . The relative amounts of LPS carbohydrate that copurified with the CSA during gel filtration (Fig. 3, 4 , and 5) apparently affected the elution behavior of the CSA and thereby produced the two peaks. Upon SDS gel electrophoresis, the heat-labile, noncovalently associated proteins separated en masse from most of the LPS (resulting in the 116-kDa band) and sometimes also from each other (resulting in the 51-, 32-, and 23-kDa forms). Because both gel filtration peaks contained material that reacted with MAb 1604, the proteins found in both peaks were probably the same proteins in either the associated 116-kDa or dissociated 51-, 32 (Fig. 7) . Acidic pl values have been found for other complex surface molecules from bacteria. For example, Maeba (34) described a putative glycoprotein with a pl of 3.2 from vegetative M. xanthus cells. In addition, a surface glycoprotein of 200 kDa and 12% carbohydrate was reported from Halobi,i,n salinar-iium. Although no pl value was given, the amino acid profile predicted a low pl (35) . The negatively charged LPS (54) associated with the CSA 1604 complex probably affects the pl, but because the amino acid composition of CSA 1604 proteins is not yet known, the relative contribution of amino acids and of LPS to the pl is also unknown.
Electron micrograph. The electron micrograph in Fig. 8 shows about 300 to 400 40-nm gold particles per cell. However, one cannot see every particle in each cluster, and some clusters are probably hidden on the far side of the cell. The gold particles localized the CSA 1604 on the cell surface.
Each gold particle is attached to several goat anti-mouse IgG antibodies that were bound to the MAb 1604 that had been bound to the CSA on the cell. Therefore, each gold particle identifies one or more antigen sites. Unlike the myxobacterial hemagglutinin (MBHA), which is one of the two bestcharacterized cell surface molecules of M. xanthus and is polar in location (39) (1) . Moreover, a temporal distribution has been found in M. xanthus for protein S, which has been found to accumulate in the cytosol between 3 and 15 h of development. After 15 h, protein S is translocated through the cytoplasmic membrane and appears on the cell surface (25, 40) .
Previous data have indicated that MAb 1604 directed against CSA 1604 interfered with normal development (16) . We believe, therefore, that the CSA 1604 protein-LPS complex may play a role in mediating a cell-cell interaction involved in M. xanthus development. An accompanying paper (27) describes some of the biological properties of this complex.
